There are significant challenges in the control of fixed-wing Micro Air Vehicles (MAVs) in high turbulence environments. Birds can sustain stable flight in such environments by obtaining flow information through mechanoreceptors embedded in their wings. Inspired by nature's flyers, an investigation into replicating the function of mechanoreceptors with commercially available pressure sensors is presented. Implementation requires an indepth understanding of the level of correlation that exists between pressure variations over the wing and the roll perturbation of the MAV. This paper investigates the variation in correlation and coherence along a representative wing-chord and wing-span of a MAV. Highest correlation and coherence is found to exist in the vicinity of the leading edge, with significant perturbations which are evident up to ~35Hz for a 0.49m wingspan MAV. 
NOMENCLATURE

INTRODUCTION AND RATIONALE
Micro Air Vehicle (MAVs) typically operate at low altitude, within the atmospheric boundary layer. This region is optimum for a range of MAV applications in Intelligence, Surveillance, and Reconnaissance (ISR) missions. However, this operating region is also characterised as having high turbulence intensity [1, 2] . In the presence of winds, MAV performance can degrade significantly [3] . However, turbulence poses an even greater threat to the vehicle's attitude stability [4] [5] [6] [7] . Consequently, attitude control in turbulence is a critical issue for MAVs as identified by Mohamed, Massey, Watkins and Clothier [8] . Current attitude control systems can be challenged by atmospheric turbulence [9] . Sensors, which have the ability to detect the pressure variations over the wing could potentially complement or replace conventional inertial-based sensors for robust attitude control [10] . One method of achieving the latter is through the use of pressure transducers. The pressure sensing concept was first introduced by Watkins and Melbourne [11] , however, to date, there have been no practical attempts to develop such a system for MAVs published in the literature.
Foundational to the development of a pressure-based turbulence mitigation system is an understanding of how the measured pressure signal correlates with a perturbation in attitude. The most relevant published attempts investigating this correlation is by Marino, Ravi and Watkins [12] . Their study investigated the feasibility of using pressure-based feedback systems in MAV wings and studied the optimum tap location on a representative ~1m span MAV wing. The study revealed that a single pressure tap, along a chord-wise wing strip, exhibited a correlation coefficient above 0.95 to the integrated pressure for a span-wise section on a wing when exposed to turbulent flow. Furthermore, a single chord-wise pressure tap exhibited similar correlation to the span-wise sectional lift. Strip theory was then applied to determine the span-wise lift distribution and turbulence-induced rolling moments from the pressure measurements.
The aforementioned study provides insight into the described sensing method, however a limitation is that the correlations where made for models fixed relative to the flow. A higher fidelity study is needed to explore the correlations with perturbations for a MAV that is free to move in relation to the incident flow. This paper provides a natural extension to existing work published [12] , whereby, correlations between surface pressure variations and the induced roll perturbations are explored. Motion of the MAV is constrained to a single axis, that of roll.
Further enhancing our understanding of how turbulence correlates with roll-perturbations is instrumental to the development of attitude control systems capable of controlling MAV in challenging conditions. It is important to state that the presented experimental work is by no means a quantitative analysis of the roll perturbations induced by turbulence but rather a qualitative one due to the various experimental limitations discussed later. This paper presents experimental results as part of ongoing research into using pressure sensors for MAV attitude control. The objectives of this paper are to:
1.
Investigate the degree of correlation between pressure-induced moment variations over a MAV wing and the subsequent perturbations in roll.
2.
Investigate the optimal configuration (number and position) of wing-pressure taps, which can be used to estimate roll perturbations.
RELEVANT TURBULENCE
A detailed review of turbulence relevant to MAVs is provided in Mohamed, Massey, Watkins and Clothier [8] and summarised here. Oncoming turbulence can be thought of as clusters of velocity vectors oriented in a similar way imparting on the MAV during flight. The length of these clusters or gusts, affects the vehicle's attitude stability, mainly inducing either a roll or heave perturbation as shown in Figure 1 . Roll perturbations were identified as the most significant disturbing factor for small fixed-wing aircraft [1, 13] . In contrast, turbulence-induced perturbations in aircraft pitch and heave can be considered as quasi-static and easily compensated for. Lissaman [6] found, that turbulence length scales of the same order as the MAV's wingspan pose the most significant source of roll instability. Lissaman [6] discussed the roll moment possible from a range of sinusoidal cross-stream velocity distributions of different periods. Figure 1 illustrates that a sinusoid with a period slightly larger than the span of the aircraft will result in the maximum roll moment. Flow pitch angle is the most destructive feature of oncoming turbulence with respect to roll perturbations [14, 15] . The pitch fluctuations in the incident atmospheric turbulence were found to be of the order of ±10 o at lateral spacings equivalent to the semi-span of typical MAVs [1] . Therefore flow pitch angle variation translates into local variation in the angle of attack (AOA) of a section of the span. This can lead to significant load imbalance as shown in Figure 1 .
MAVs, due to their small size, require a high control command rate; equivalent to, or higher than the turbulence-induced motion rates that occur as a consequence of turbulence frequency. [16] states that the attitude data update rate of an MAV needs to be greater than 25Hz. Humans can achieve a control update rate on the order of a few Hz, subsequently, automated attitude control systems are needed for MAV operations in turbulent environments. Such systems rely on a variety of sensors and sensor configurations. Attitude estimation sensors employed by such systems are challenged by high perturbation rates evident in the atmosphere. Furthermore, current inertial-based attitude sensors require the vehicle to inertially respond to disturbances before detecting them.
Bio-Inspired Surface-Pressure Sensing
Conventional inertial-based sensors can lack the required response-time in detecting disturbances, thus contributing to the control system's time-lags resulting in less than optimum control and perhaps also reducing performance. In contrast, flying animals and insects can obtain airflow information through various mechanoreceptors embedded in their wings [17, 18] .
A comprehensive review and discussion of bio-inspired sensors for turbulence mitigation is provided in Mohamed, Watkins, Clothier, Abdulrahim, Massey and Sabatini [10] . Avian wings are rich in mechanoreceptors, which influence flight control. They are located near the follicles of feathers allowing a bird to know its airspeed, detect a stall and turbulence [19] [20] [21] 22 ] . Each mechanoreceptor type has a unique response characteristic optimised for a particular task. Birds use the flow information provided by the wing receptors to respond to turbulence by changing heartbeat frequency, wing pitch angle and extension of primary feathers or the alula to counteract the aerodynamic changes [23] . Birds such as kestrels, can hover in high levels of atmospheric turbulence while maintaining a spatial "head lock" for spotting prey below.
In nature, feathers act as a deformable membrane, which detects flow disturbances over a wing. Feathers vibrate or deflect during flight due to oncoming gusts. A robust replication of the feather's function is to implement surface mounted pressure taps over the wing to sense the flow disturbances. A pressure sensor could therefore be considered analogous to a feather and its receptor, see Figure 2 . The pressure sensor's membrane deforms with pressure variation, in a similar manner to the feather. The membrane's vibration/deflection is typically measured with capacitance or strain sensors which are conceptually similar to herbst corpuscles. The "predictive" nature of pressure sensors is further explained by referring to the Gust Perturbation Process (GPP) introduced by Mohamed, Massey, Watkins and Clothier [8] and represented in Figure 3 . The GPP describes the sequence of events that occur when a gust is encountered by a wing. The event sequence is influenced by the physical phenomenon as well as the limitation of the sensor, refer to Mohamed, Massey, Watkins and Clothier [8] . The pressure sensing technique discussed in this paper can sense the second event illustrated in the GPP. This allows sensing of disturbances in flow before the MAV registers an inertial response. The next section describes an experimental study which investigates the level of correlation evident between surface pressure fluctuations and roll perturbations. This experimental study serves as a prerequisite of developing an active attitude control system which utilises pressure transducers.
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METHODOLOGY AND INSTRUMENTATION
This section describes the wind tunnel experiments conducted to explore the correlation evident between surface pressure fluctuations and roll perturbations. This involves characterising the natural turbulence to be encountered by a MAV and its replication within a wind tunnel environment. This is then followed by description of the experimental apparatus and setup.
Wind-Tunnel Replication of Atmospheric Turbulence
Factors such as surface heating, wind direction, height of roughness elements will all influence the turbulence likely to be encountered by a MAV operating within the atmospheric boundary layer [2] . Outdoor experiments were therefore not considered for the study presented in this paper due to the lack of control over the flow and associated issues with experimental repeatability. Large wind tunnels were deemed superior experimental environments due to the controlled replication of the atmospheric boundary layer. Wind tunnels can be adapted to replicate aspects of atmospheric turbulence. Passive turbulence generation, using planar grids, represented the most suitable method for producing elevated levels of turbulence intensity inside a wind tunnel. RMIT's Industrial Wind-Tunnel (2x3x9m test section) is considered sufficiently large to simulate the relevant turbulence conditions of varying length scales and intensities. The approach outlined by Watkins, Fisher, Mohamed, Marino, Thompson, Clothier and Ravi [24] is followed to characterize MAV's flight environment and replicate atmospheric turbulence. A Reynolds Number of ~60,000 is tested representing typical MAV flight regime. Furthermore the selected turbulence intensity and length scales to be replicated in the aforementioned wind-tunnel are 12.6% and 0.31m respectively. Passive turbulence grids are installed in the inlet of the test section to generate the latter turbulence conditions. The turbulence spectrum inside the wind tunnel was measured using multi-hole pressure probes known as Cobra probes, and the results are represented in Figure 4 as the blue solid line. Cobra probes are used to characterise the flow fields within wind tunnels [25] [26] [27] . The spectra was sampled at 200Hz. The turbulence spectrum follows the widely accepted -5/3 decay law, depicted as the dashed black line. To demonstrate how the spectrum within the wind tunnel compares with atmospheric turbulence, the atmospheric spectrum measured by Milbank, Loxton, Watkins and W.H. [28] is presented as a dashed green line. The latter was also measured by Cobra probes installed on a moving vehicle with an Indicated Airspeed (IAS) of 10m/s (representative of MAV flight). The measurement was conducted in a densely populated area in the presence of moderate breeze winds (Beaufort wind force scale = 4). The atmospheric spectra is included as an indication to a representative turbulence condition. However it is important to note that higher wind speeds will result in an increase of energy across all frequencies (i.e. translation along y axis as indicated by green arrow in Figure 4 ). The turbulence inside the wind tunnel underestimates the low frequency energy component. However from a control perspective, the lower Mohamed, A., Watkins, S., Clothier, R. and Abdulrahim, M. 179
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Experimental Setup
A variable Angle of Attack (AoA) roll rig was developed to constrain the perturbation (response) of a representative MAV to a single Degree of Freedom (DOF). The MAV is fixed to the rig along its thrust line, while the rig itself is guyed to the wind-tunnel floor in order to reduce aerodynamic-induced vibrations ( Figure 5 ). The rig is equipped with a low-torque (0.0017Nm) rotational potentiometer enabling a direct measurement of the MAV's roll angle. The potentiometer signal is double derived to compute the roll rate and acceleration (see Figure 6 ). The power spectra of the angular perturbations (during a sample run) was computed from the potentiometer's signal and illustrated in Figure 7 . The spectra shows that little energy is evident above 35Hz for roll displacement and rate due to the inertia of the vehicle. The MAV's ailerons are not deflected for the duration of the experiments (i.e. stick fixed). This enabled turbulence to be the sole contributor to the perturbations. The rig contains a mechanical stop to prevent the MAV from entering the wake region caused by the rig (Figure 5 ). The following subsections further describe the other equipment used in this study. Influence of Turbulence on MAV Roll Perturbations International Journal of Micro Air Vehicles 
Flight Vehicle
In contrast to other studies, which use larger UAVs to study pressure-based feedback control [29] , this study utilises a commercially available small recreational model aircraft (<500mm wing span) based on the Slick 360 aerobatic aircraft to represent the micro-scale of MAVs. The vehicle's tapered wings have a symmetrical airfoil section (NACA0012) in addition to large aileron surfaces (> 30% x/c). Furthermore, the wings have no inherent twist. These features contribute to a neutrally stable MAV that is well suited for the presented study and representative of many aircraft within the MAV class. The model's specifications are outlined in Table 1 . 
Pressure Sensing System
The MAV was equipped with four MEMS differential pressure sensors (Honeywell HSCDRRN010MDAA3). The sensors can sense pressure fluctuations at different points on the surface of the wings. The sensors' differential ports are extended using acrylic tubes to the upper surface of the airfoil. A relatively flush finish is ensured as shown in Figure 8 . The four pressure sensors along with the potentiometer were connected to a data acquisition system (located on the tunnel floor), and were sampled at a rate of 200Hz. The sampling frequency is twice that of the observed frequency at which peak coherence occurs (below 100Hz). Pressure measurements were recorded for a period of 300s to provide a statistically significant estimate of the turbulence. The chosen measurement period provides a reasonably stable mean wind speed for the given application [14, 30] . The pressure signal returned from each pressure tap was converted into a moment by dividing the wing into a number of segments (with the pressure taps in the centre of each segment). The area of each wing segment and the measured pressure can be used to calculate the force acting over each segment. The resulting moment about the roll axis can then be determined using the distance of each pressure tap from the MAV wing root. 
Pressure Tap Arrangement
The pressure sensors were installed near the aircraft's Centre of Gravity (CoG) to minimise vibrational noise arising from perturbations. The orientation of the sensor diaphragm were positioned along the axis of rotation to reduce vibrational-noise interference from the roll perturbations. Two separate wings with different pressure tap configurations were used for the span-wise and chord-wise studies and (named wing1 and wing2, respectively). Each wing was fitted with eight pressure taps (i.e. four embedded in each semi-span), arranged as detailed in Table 2 . The taps in wing1 were distributed along the span at different chord-wise x/c positions, while the taps in wing2 were distributed along the chord at two span-wise locations ( Figure 9 ). 1mm diameter acrylic tubing is used to connect the pressure taps embedded in the wing to the pressure sensors located in the fuselage of the model. All sensors are connected with the same length of tubing (220mm). The device described by Fisher, Watkins and Watmuff [31] was used to determining the frequency response of the sensory system (see Figure 11) . The frequency response remains relatively flat up to sampling frequency. 
ANALYSING EXPERIMENTAL DATA
The statistical techniques used to analyse the raw data are described in the following subsections.
Correlation analysis
The degree of similarity between the airfoil pressure-induced moment and roll perturbations can be computed using the normalised correlation coefficients, ρ. The correlation coefficient was used to study the similarity of two different signals being: roll acceleration, ω (as measured by the potentiometer), and the airfoil surface pressures, P. Note that σ represents the standard deviation. The expression, given in Equation 1, was used to compute the correlation coefficient as a function of time lag, τ, between the compared signals.
(1)
Coherence
The degree of similarity of both signals in the frequency domain can be determined using Welch's averaged modified periodogram method [32] . The method determines the magnitude squared coherence, C. Equation 2 was used to compute C as a function of frequency, f, where G ωP is the crossspectral density between ω and P while G ωω and G PP the auto spectral density of ω and P respectively. 
RESULTS
Since there are limited number of taps, the spanwise wing study was initiated to identify the spanwise location of the pressure taps where there was peak correlation between surface pressure fluctuations and roll acceleration (Equation 1). Once identified, chordwise pressure taps were then embedded at that spanwise location for the chordwise wing study. The results acquired from the spanwise correlation study are presented in Figure 12 . The correlation results for the chordwise study are presented in Figure  13 . The correlations curves illustrated in both figures represent the maximum values (at a certain τ value) for each tap location. The τ value is presented as a separate plot showing the time-lags. For a visual reference of the degree of similarity, the roll acceleration and sum of moments from the pressure taps are overlayed (τ unadjusted) in Figure 14 The coherence results presented in Figure 15 (Equation 2) can be used to provide a deeper understanding of the correlation in the frequency domain. For readability, only 3 AoAs are illustrated in Figure 15 , since similar coherence behaviour was observed for the other tested AoAs. The signal from each of the pressure taps is summed and presented as a black solid line in Figure 15 . The coherence of the total pressure gives an indication as to which pressure tap contributes most to the total pressure. The following section discusses the presented results in further detail.
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DISCUSSION 6.1 The Correlation of Disturbances with Perturbations
It is evident from the results presented in Figure 12 and Figure 13 that correlation varies with the location of the taps, both chordwise and spanwise. In the spanwise study, correlation increases gradually along the span (for row A) to peak at tap 3 (x/s=65.2%) then reduces at tap 4 (x/s=84%). The chordwise taps located along Row B follow the same trend as those along Row A. This repeatable reduction close to the wing tips is likely due to the influence of wing tip vortices. The surface pressure fluctuations near the wing tips correspond to the tip vortex which is independent from the attitude perturbation. The correlation at tap 3 (x/s=65.2%) of row A remains above 0.7 for (-15 o <AoA< 10 o ), reaching a maximum correlation of 0.9 at 0 o AoA. In contrast, the correlation of tap 3 of row B, remains above 0.6 for all AoAs with a maximum of 0.79 at -15 o AoA. Generally, the taps at Row B seem to maintain acceptable correlation even at high AoAs in contrast to Row A. In the chordwise study, pressure taps were mounted at 65.2% of x/s at the chord locations given in Table 2 and illustrated Figure  9b . The chordwise wing study shows that correlation near the leading edge varies significantly with AoA. Tap 1 experiences a significant reduction in correlation at negative AoAs. Taps located further downstream experience lower variation.
To understand the variation of correlation it is important to consider the flow conditions over the wing. Correlation is coupled with the flow conditions over the airfoil surface with respect to being attached or separated. This is evident at high AoAs (i.e. in the stall region) where correlation significantly reduces along the chord and span. With the aid of a simple tuft visualisation, the flow conditions over the wing (i.e. attached or separated) were determined for the tested AoAs. Significant flow separation occurs at 15 o AoA, and is fully detached at 20 o AoA. The separation of flow affects the correlation, whereby the pressure measurement reflects the nonlinear flow phenomenon (i.e. advection Mohamed, A., Watkins, S., Clothier, R. and Abdulrahim, M. 185
Volume 6 · Number 3 · 2014 of vortical core structures) known to occur at these conditions. It seems that the wake over the top airfoil surface caused by the separated flow, results in low correlation. Furthermore, lift is not only generated by the wings at high AoAs where other surfaces can contribute to the perturbations. Surfaces such as the horizontal stabilizer and fuselage are not pressure tapped, and will contribute to a reduction in correlation between measured pressure and perturbations in roll. This is particularly evident when the MAV is exposed to the roll rig's local wake at high AoAs creating additional pressure fluctuations not recorded by the pressure taps. In contrast, negative AoAs do not degrade correlation as much suggesting that the pressure side of the airfoil provides better positioning of the pressure taps. However highly negative AoAs, were observed to result in reduced correlation similar to stall AoAs. Evident from Figure 12 and Figure 13 , the taps closest to the leading edge generally experience a correlation reduction. This is believed to be due to the strong influence of the stagnation region. The taps too close to the leading edge are influenced by the total pressure, where its variation does not correlate well with the roll acceleration.
Time lag
The time-lags evident between wing load imbalance and the induced roll acceleration where computed. The time-lags presented in Figure 12 and Figure 13 correspond to the phase lag at maximum correlation. Subsequently the confidence in this value increases with increased correlation and vice-versa. Capturing the change of time lag along the wing chord and span is not the aim of this study. However of more importance is the fact that instances occur when the time-lag approaches zero or changes signs (i.e. negative values). This quantitatively confirms that sensing wing load imbalance can be "phaseadvanced" relative to the induced roll perturbation. These instances (i.e. negative time lag) are limited to certain wing locations and AoAs. Furthermore the time-forward advantage is not sufficiently large to cater for the time lags inherent in a control system which is in the order of 0.52s [8] .
The Frequency of Perturbations
The magnitude of coherence is highest at 0 o AoA and is still high for anticipated cruise AoAs. Minor reduction in coherence is observed at negative AoAs. However, a significant reduction in coherence is evident at stall AoAs for the reasons explored in the previous section. Coherence is generally high (>0.8) in the frequency range of 3-20Hz for AoA range of -15 o to 5 o . This coherence peak shifts to higher frequencies (10-20Hz) at higher AoAs (>15 o ) while the coherence magnitude falls below 0.8.
Correlation is evident up to ~35Hz at a coherence of ~0.6 for level flight. The latter coincides with the roll displacement and rate spectra illustrated in Figure 7 . No significant correlation is present above 60Hz. This is expected due the moment of inertia of the airframe, which is unable to react fast enough to the higher pressure frequencies due to its Moment of Inertia (MOI) thus resulting in no coherence. In other words the vehicle's perturbation acceptance frequency range is limited to ~60Hz. It's also important to note that at the lower end of the frequency spectrum at 15 o AoA, coherence seems to peak, which seems to be a by-product of the non-linear flow phenomenon. However, this low frequency component is of little relevance from a control perspective.
Implementation for Attitude Estimation
Ideally, all surfaces contributing to the lift should be pressure tapped for a better estimation of aircraft roll. However, a practical implementation for a MAV would seek to minimise the number of taps needed. Thus, in this section we explore the number and location of taps needed to provide a reliable estimate of the roll perturbations.
The results presented in the previous sections confirm the findings by Marino, Ravi and Watkins [12] which indicate that higher correlation is evident near the leading edge with respect to chordwise placement. However, avoiding the stagnation region at the leading edge is essential. It is evident that at negative AoAs correlation does not degrade in comparison with stall AoAs. The results indicate that pressure tap placement on the bottom surface of the wing can be ideal. It is also more practical since debris is less likely to block taps. The disturbances at a certain spanwise position were found to attain highest correlation to the perturbations. This is believed to be related to the planform shape of the wing, which drives the resultant load distribution along the span. The region along the span with highest lift contribution is therefore ideal for tap placement.
Pressure-based attitude estimation and control is worth exploitation since it will potentially enable fixed wing MAVs to operate in significantly higher levels of turbulence. The main achievable challenge associated with this sensing technique is the need for aerodynamic characterisation for the specific airframe utilised. The system is not as flexible as conventional inertial sensors which can be applied to almost any design without characterisation. Shen and Xu [33] successfully created a dynamic model that relates the pressure data of a delta wing MAV to the attitude motion developed. It must be noted that optimal tap placement is dependent on the sensing requirements, airfoil shape, wing-planform, and control architecture.
Error Considerations
The artificial conditions replicated in the presented experiments are by no means a full representation of an MAV flying in atmospheric turbulence. However the presented experiment is a practical representation of the latter. The main sources of error are by-products of the experimental setup, which is driven by various practical constraints. Several undesirable by-products of the experimental setup were discussed previously (rig wake and roll angle bias), however there are others:
• Artificial turbulence: The turbulence created in the wind-tunnel replicates the high frequency component and lacks the lower frequency components. This is due to the finite size of the test section and grids. However, the lack of replication of large-scale atmospheric turbulence should not be a significant influence as their effects can be considered as quasi-static.
•
Influence of the potentiometer: The motion of the vehicle during perturbations is influenced by the potentiometer. This is assumed to be insignificant due to the low inertial and frictional characteristics of the potentiometer.
Pressure tap placement accuracy: This can be significant when the position of the two taps connected to the same sensor are spatially offset. However the taps where carefully fabricated and handcrafted to reduce this error.
Propeller flow not replicated: Forces caused by propeller flow were not replicated. However, the taps where removed from area of propeller flow influence. Furthermore, separate testing showed that propeller has virtually no influence.
CONCLUSION
The research presented builds the required aerodynamic knowledge for implementing a pressure-based attitude controller for MAVs. It can be concluded from the results presented that roll perturbations can be effectively estimated through measuring dynamic wing surface-pressure variations. The presented study proves the validity of developing a pressure-based attitude control system, which can aid MAV flight in turbulent environments. In this paper correlation is explored between disturbances measured by wing-surface pressure taps embedded on an MAV's wing surface and its induced roll perturbations. It can be concluded from this work that a few strategically positioned pressure taps embedded in the wing are sufficient to estimate lift imbalance, which precedes undesirable roll motion. Optimal locations for tap placement where found to be in regions where the flow is attached to the surface and away from tip vortices. Clearly optimum placement will vary for a range of different wing geometries and AoAs, however should be closely similar for wings that are linearly tapered to give an approximation to ellipsoidal lift loading. This sensing approach can also be adapted to suit larger aircraft.
